A sixty-one-year old woman with a history of depression and idiopathic dystonia presented to the emergency department (ED) with fever, nausea, muscle rigidity, and redness in her extremities. The patient had seen various specialists for her dystonia during the preceding year and had tried multiple medication regimens, including benztropine and tizanidine. The patient described her home medications as tizanidine 2 mg three times daily, diazepam 2.5 mg daily, escitalopram 100 mg daily, rosuvastatin 10 mg daily and bupropion 300 mg nightly.
CASE PRESENTATION
A sixty-one-year old woman with a history of depression and idiopathic dystonia presented to the emergency department (ED) with fever, nausea, muscle rigidity, and redness in her extremities. The patient had seen various specialists for her dystonia during the preceding year and had tried multiple medication regimens, including benztropine and tizanidine. The patient described her home medications as tizanidine 2 mg three times daily, diazepam 2.5 mg daily, escitalopram 100 mg daily, rosuvastatin 10 mg daily and bupropion 300 mg nightly.
At ED presentation her vital signs were: temperature 37.5°C (99.5F), blood pressure 157/76 mmHg, heart rate 105 beats per minute, respirations 24 per minute, and oxygen saturation of 100% on room air. Her physical examination was significant for diaphoresis, tachycardia, diffuse flushing, tremors in her upper and lower extremities, muscle rigidity, and hyperreflexia in the upper and lower extremities. The tremors were low amplitude and worse with intention, while the rigidity had cogwheeling features and was more notable in her lower extremities. Initial laboratory evaluation was significant for a creatine phosphokinase (CPK) of 1146 IU/L. Her electrocardiogram showed sinus tachycardia with normal QRS and QT intervals, and no evidence of acute ischemia.
Two months earlier, the patient's neurologist had started her on amantadine 100 mg twice daily for dystonia. Three days prior to ED presentation, the patient abruptly stopped taking her amantadine on the advice of a pharmacist, secondary to bilateral lowerextremity edema. The following day, the patient presented to her primary care physician complaining of nausea, tremors, and diffuse flushing. The physician treated her for an allergic reaction with oral steroids and diphenhydramine. The patient's symptoms worsened over the next day with increasing tremors and rigidity, low-grade fever, nausea, and flushing, which prompted her presentation to the ED.
What is the pharmacology of amantadine?
Amantadine ( Figure 1 ) is a synthetic, 10-carbon, polycyclic cage amine that was the first antiviral to be used in the prevention and treatment of influenza. The proposed mechanism of amantadine's efficacy against influenza is blockade of the viral M2 channel and subsequent inhibition of viral uncoating. However, its modern use against influenza has been limited by resistance, as well as the incidence of adverse central nervous system (CNS) effects [1] . In 1968, a patient noted significant improvement in her symptoms of Parkinson's disease (PD) after treatment with amantadine for influenza. This observation was confirmed in a small pilot study, then in a much larger trial that made amantadine part of the standard treatment regimen for PD. The mechanism of amantadine's amelioration of parkinsonian-induced tremors is unclear; however, proposed mechanisms include action at nigrostriatal neurons resulting in increased release or decreased reuptake of dopamine [2] [3] [4] . Additionally, amantadine decreases cholinergic tone, which may increase the affinity of D2 receptors for dopamine [5] . Amantadine also functions as an NMDA (N-methyl-D-aspartic acid) receptor antagonist, inhibiting the excitatory glutaminergic pathways that play a role in generating the dyskinesias induced by levodopa in PD patients [6] .
Amantadine hydrochloride is rapidly absorbed after oral ingestion, with approximately 90% bioavailability [7, 8] . The average time to peak plasma concentration is 3.3 ± 1.5 hours [9] . Amantadine is 59-67% protein bound. Estimates of the volume of distribution of amantadine vary significantly, ranging from 3 to 10 L/kg in various reports [8] [9] [10] .
The majority of amantadine is excreted unchanged in the urine, although several amantadine metabolites have been identified. Approximately 5-15% of the ingested dose is excreted as the N-acetylated form, acetylamantadine; the role of this metabolite in both therapeutics and toxicity is unknown [9] . The elimination half-life of amantadine ranges from 12 to 18 hours in healthy adults [8] . Multiple factors, including age, sex, renal insufficiency, and urine pH, can affect time to elimination. Corrected for body mass index, men eliminate amantadine 1.5 times more quickly than women, and amantadine tends to be more rapidly excreted at acidic urine pH [9] . In elderly patients, or patients with a creatinine clearance below 40 ml/min per 1.73 m 2 , the elimination half-life may double or triple. In a cohort of patients on chronic hemodialysis, the elimination half-life increased to 8 days [9] . Given its high volume of distribution, amantadine elimination is negligibly affected by hemodialysis.
What is amantadine's role in the treatment of Parkinson's disease and other movement disorders?
Parkinson's disease results from decreased CNS dopaminergic tone and is characterized by bradykinesia, rigidity, and tremor. Loss of dopaminergic neurons in the substantia nigra leads to decreased excitation of the motor cortex and the characteristic features of PD.
The treatment of PD focuses on medications that increase dopaminergic tone (levodopa/carbidopa, bromocriptine), amantadine, anticholinergic agents, and monoamine oxidase-B inhibitors [11] . While levodopa remains one of the mainstays of PD therapy, patients on long-term levodopa therapy often develop worsening dyskinesias that frequently respond to treatment with amantadine.
While amantadine has been demonstrated to be effective in the treatment of both PD-and levodopa-induced dyskinesias, this benefit is maximal during the first month of treatment. By 3 to 8 months, the improvement in dyskinesia decreases or disappears in most patients [12] . As a result, many patients on amantadine therapy for PD will need to have this medication stopped for lack of efficacy within months of initiation.
Our patient did not carry a formal diagnosis of PD. However, amantadine has been used to treat a wide variety of other motor and tone abnormalities, including Huntington's chorea and idiopathic dystonias.
Has a syndrome of amantadine withdrawal been described?
A collection of symptoms resulting from abrupt amantadine discontinuation has been described [13] [14] [15] . These symptoms include varying degrees of tremor; muscle rigidity; autonomic instability (manifested by tachycardia, hypertension, and diaphoresis); delirium; elevation of serum CPK; and in some cases, fever. Similar symptoms have been noted after the rapid cessation of levodopa or bromocriptine [16] [17] [18] . The severity of symptoms and the presence of fever are important distinctions in classifying patients along a spectrum of amantadine withdrawal from worsening tremor to neuroleptic malignant syndrome (NMS).
In several cases of amantadine withdrawal-induced NMS, the patients had been treated with amantadine for prolonged periods of time; however, NMS has occurred after withdrawal of amantadine treatment after as few as 5 days [15, 19] . While there have been fatalities associated with withdrawal of dopaminergic agonists, in our review of the medical literature we were unable to find any fatal case reports of amantadine withdrawal [20] . Despite the structural similarity of memantine (Namenda, Forest Pharmaceuticals, New York, NY) to amantadine, withdrawal symptoms have not been reported after memantine cessation.
Does this patient have NMS?
Neuroleptic malignant syndrome refers to an idiosyncratic, potentially life-threatening constellation of symptoms that has been described as progressing from mental status changes to motor symptoms, then hyperpyrexia and autonomic instability [21] . Most commonly described after initiation of neuroleptics or rapid dose escalation, the incidence of NMS has been approximated to be between 0.02 and 2.44% of patients receiving neuroleptic drugs [22] . In the majority of cases, NMS occurs within 2 weeks of neuroleptic initiation, and virtually all cases occur within 1 month after the last change in medications. In 16% of cases, symptoms may occur acutely, within 24 hours of neuroleptic administration [23] . While NMS was initially described after the use of older, "typical" antipsychotics like haloperidol, it has been associated with the atypical antipsychotics including clozapine, olanzapine, quetiapine, risperidone and ziprasidone [24, 25] . Additionally, NMS has been described after use of antiemetics such as metoclopramide and promethazine, which also have antidopaminergic properties.
In addition to the use of antidopaminergic drugs, it is crucial to realize that withdrawal of prodopaminergic medications may also lead to NMS. A history of a patient's current medications may miss the agents that were withdrawn within the recent past, and lead to a missed diagnosis.
Recent data suggest a mortality rate of 10% in diagnosed NMS [26] . This figure has improved dramatically from original mortality rates of 76% in the 1960s, which may be attributed to improved recognition, better supportive care, or increasing use of atypical antipsychotics [27] . Various published diagnostic criteria for NMS exist, and patients may fulfill criteria for NMS under one set, while unable to satisfy others [28] . The commonly cited DSM IV-TR criteria for diagnosis of NMS describe presence of 3 major criteria, including severe muscle rigidity and fever in the setting of neuroleptic use, with at least 2 minor criteria in the absence of medical or psychiatric conditions that could explain similar symptoms ( Table 1 ). In contrast, the Levenson criteria allow the diagnosis of NMS with the presence of either rigidity or fever with appropriate history and the presence of additional minor criteria ( Table 2) .
Fever is frequently cited as a necessary element in the diagnosis of NMS. Dopamine is an important part of temperature regulation; stimulation of central dopamine receptors results in hypothermia, while central dopaminergic blockade or depletion leads to hyperthermia [29] . For this reason, most diagnostic criteria for NMS describe a requirement for hyperpyrexia (temperature >38°C). However, several authors have described cases identical to NMS, except without fever [30] [31] [32] [33] . Our patient never had a documented temperature above 38°C; however, the history of subjective fever, as well as dysautonomia, altered mental status, and rigidity in the setting of amantadine withdrawal are highly suggestive of NMS, and satisfy the Levenson criteria for diagnosis in the setting of an elevated CPK [34] . It thus appears that a spectrum of disease associated with decreased dopaminergic tone exists and that it is not an "all or nothing" phenomenon. Neuroleptic malignant syndrome may simply contain the subset of patients that are most severely symptomatic. Arguably, the answer is also of little clinical importance as long as amantadine withdrawal is recognized and treatment initiated.
What is the pharmacologic basis for the symptoms seen with NMS?
Central dopaminergic blockade (at D2 receptors) or dopamine depletion have been postulated as the primary mechanisms for development of neuroleptic malignant syndrome [29] . While the exact mechanism of neuroleptic action is unknown, these agents are thought to antagonize the dopamine receptors (D1-4), as well as 5HT2 receptors [35] . Withdrawal of prodopaminergic agents causes similar symptoms. Decreased dopaminergic tone produces motor symptoms similar to parkinsonism, including tremor and rigidity. Dopamine also plays a role in temperature regulation, as described above.
How should amantadine withdrawal or NMS be treated?
For any patient presenting with symptoms of amantadine withdrawal or NMS, initial treatment must begin with attention to airway, breathing, circulation, level of consciousness, and correction of abnormal vital signs. Even when these causes are suspected, the basic approach to altered mental status should include a bedside glucose determination, volume resuscitation, and oxygen therapy 94 JOURNAL OF MEDICAL TOXICOLOGY I VOLUME 5, NUMBER 2 I JUNE 2009 as indicated, along with a vigorous search for other etiologies. Hyperthermia resulting from agitation and muscle rigidity requires urgent sedation with benzodiazepines, rapid cooling, and consideration of focused therapy with dopaminergic agents or dantrolene sodium (discussed below). Intubation and paralysis may be required in the patient with intractable hyperthermia. Patients who succumb from NMS typically die from complications of extreme hyperthermia including rhabdomyolysis, acute tubular necrosis, and complications of renal failure, dysrhythmias, and cardiovascular collapse secondary to intractable metabolic acidosis [36] [37] [38] . Renal failure has been associated with a mortality rate of 50% [38] . Patients with suspected NMS should have screening laboratory analyses including complete blood count, serum chemistries, CPK, lactic acid, arterial or venous blood gas to establish pH, a coagulation profile, and an electrocardiogram. A search for other etiologies of symptoms, including computed tomography of the brain and lumbar puncture, should be considered in patients with significant alteration in mental status. Benzodiazepines can be used as adjunctive therapy to improve motor symptoms, and should be considered an important and safe part of supportive care. The causative neuroleptic must be withdrawn. In cases of suspected NMS secondary to medication withdrawal, the discontinued agent should be reinstituted. Additionally, other antidopaminergic medications must be carefully avoided, including antiemetics like promethazine and metoclopramide.
What drugs and other therapies are used to treat NMS?
While several medications are generally accepted as beneficial in decreasing mortality and reversing symptoms in patients with NMS, little data exist to definitively prove their benefit or relative efficacy. Nonetheless, dantrolene sodium, bromocriptine, and amantadine are routinely used in the treatment of NMS. Additionally, electroconvulsive therapy (ECT) has been successfully used to treat NMS. A retrospective case-control analysis by Sakkas et al. demonstrated a mortality rate of 21% in patients who did not receive either ECT or any of the above drug treatments. Dantrolene sodium alone reduced the death rate to 8.6%, bromocriptine to 7.8%, and amantadine to 6%. In this series, combined therapy with pharmacologic agents had a higher mortality rate than single agents, which may have reflected increased severity of NMS in patients given multiple drugs. As no severity scores were provided, it is impossible to draw definitive conclusions [39] . Regardless, the study is highly suggestive of the benefit of any of these agents in NMS, even though it is unable to provide insight into which agents work better or the optimal combination. In cases of NMS from dopaminergic agent withdrawal, multiple case reports describe improvement of symptoms with reinstitution of the discontinued medication [23, 40] .
Dantrolene is a direct skeletal muscle relaxant commonly used for malignant hyperthermia. In NMS, dantrolene works by reducing rigidity and concomitant hyperthermia, and may not be the most effective treatment modality in patients without significant hyperpyrexia [41] . Multiple dosing schedules have been described for dantrolene sodium in NMS. Administration has been recommended at 1-2.5 mg/kg intravenously; if symptoms improve, the patient can receive 1 mg/kg every 6-12 hours for an additional 48 hours, followed by 1 mg/kg per day for 8 days [41, 42] . Milder symptoms may be treated with an oral regimen of 50-200 mg daily [36] . Dosing should not exceed 10 mg/kg per day in order to avoid hepatotoxicity [36] . While dantrolene has been demonstrated to be effective in the treatment of NMS, it is not specifically targeted at the proposed etiology for development of NMS.
Bromocriptine and amantadine both have dopaminergic effects; either may be used in the treatment of NMS. Bromocriptine is given at doses of 2.5-10 mg orally every 6 hours and may be titrated up to a total dose of 40 mg/day [36] . Amantadine is usually given at 100-200 mg/day orally, but may be titrated up to 200 mg every 12 hours [37] . In general, once these medications are started, they should be continued for 10-14 days and then slowly tapered ( Table 3) . If these medications are tapered too quickly, NMS symptoms may recur [43] .
ECT has also been reported to be effective treatment for NMS, particularly for cases in which medical management has failed. Additionally, malignant catatonia, characterized by rigidity and hyperthermia in patients with a history of psychosis, can be impossible to distinguish clinically from NMS. Some unique features of malignant catatonia include a prodrome of increasing agitation and psychosis. These patients are often taking neuroleptics, and authors have described the two syndromes as indistinguishable in up to 20% of patients [37] . The treatment for malignant catatonia is ECT; this treatment may have significant benefit in undifferentiated patients. One potential risk of ECT reported in NMS is development of cardiovascular complications, including ventricular dysrhythmias [44] .
What other toxicologic conditions should be included in the differential diagnosis of NMS?
The constellation of rigidity, hyperthermia, dysautonomia, and altered mental status can be seen in serotonin syndrome, malignant hyperthermia, baclofen withdrawal, and lithium toxicity. A complete medication history remains the critical step in differentiating these conditions, as focused therapy for each of these disorders is unique. All of them share the potential for severe acidosis, rhabdomyolysis, and multisystem organ failure as a consequence of involuntary muscle activity and hyperpyrexia. Serotonin syndrome has been described as a clinical triad of autonomic hyperactivity, neuromuscular abnormalities, and alteration in mental status changes that can be clinically similar to NMS; however, the diagnosis of serotonin syndrome hinges on the administration of a serotonergic medication within the preceding 5 weeks [45] . While the patient reported here was maintained on both bupropion and escitalopram, the medications had been maintained at stable doses over months, and the patient denied exposure to new over-the-counter medications or dietary supplements. The treatment of serotonin syndrome includes supportive care with intravenous fluids and benzodiazepines, antidotal therapy with cyproheptadine and, in severe cases, intubation and neuromuscular paralysis.
One description of amantadine-induced serotonin syndrome has been published in a patient with renal failure; however, the pharmacology of this case report is suspect as amantadine has not been described as a proserotonergic medication. Instead, this report describes muscle rigidity, tremor, fever, and autonomic instability consistent with the patient's history of recent changes in his antiparkinsonian regimen [46] . Malignant hyperthermia is caused by an inherited mutation of the ryanodine receptor in the sarcoplasmic reticulum of skeletal muscle [47] . Occurring just minutes after the administration of inhalational anesthetics or depolarizing neuromuscular blockers, malignant hyperthermia is characterized by extreme rigidity, hyperpyrexia, tachycardia, hypotension, and sometimes cyanosis [48] . The treatment of malignant hyperthermia includes supportive care and focused treatment with dantrolene, an inhibitor of sarcoplasmic calcium release.
Baclofen withdrawal is characterized by fever, mental status changes, spasticity, autonomic instability and seizures in the setting of rapid discontinuation of baclofen. This can occur with either intentional cessation of treatment, or in many cases, mechanical malfunction of implantable intrathecal pumps. Baclofen is an agonist of GABA A receptors that leads to downregulation of spinal inhibitory pathways with chronic use. When baclofen is stopped suddenly, patients develop symptoms consistent with unopposed excitatory CNS and peripheral nervous system tone, including seizures, motor abnormalities, and hyperpyrexia described above [49] . Temperatures as high as 43C have been reported in this setting. The treatment of baclofen withdrawal is reintroduction of baclofen, with supportive care, cooling, intubation, and paralysis as required for uncontrolled motor activity, hyperpyrexia, and lactic acidosis.
Other toxicologic conditions that may incompletely reproduce our patient's symptoms include Latrodectus and Centruroides envenomations, lithium toxicity, central anticholinergic toxicity, toxin-induced parkinsonism, strychnine, and sympathomimetics. Important nontoxicologic considerations include malignant catatonia, encephalitis, intracerebral hemorrhage, and heat stroke.
What are common adverse effects of amantadine use?
Amantadine is generally well-tolerated; however, several adverse effects have been described, including depression, anxiety, confusion, somnolence, decreased visual acuity, and livedo reticularis [9] . Bilateral lower-extremity edema is a well-described adverse effect in antiparkinsonian pharmacology, which has been reported with amantadine use, as well as dopamine agonists like pergolide and bromocriptine [50, 51] . Risk factors for the development of edema include female gender, advanced age, diabetes, and cardiac disease. The degree of dependent edema can vary, and in some patients can lead to significant difficulty with ambulation. The edema typically resolves with discontinuation of the causative drug [52] . In our patient, the attribution of her edema to amantadine therapy was likely accurate; however, the rapid discontinuation of her medication led to her presenting symptoms.
How should amantadine be discontinued?
Although it is clear that motor symptoms, delirium, and NMS may occur with discontinuation of amantadine, it is unclear how quickly providers can stop the medication safely. No studies have demonstrated a safe time course for discontinuing amantadine. In one case series, patients on long-term amantadine therapy experienced delirium and hallucinations that began anywhere from 7 to 14 days after decreasing amantadine doses; these 3 patients were all in the midst of prolonged amantadine tapers [15] . Given the uncertainty in providing a safe withdrawal interval, tapering should also be done under close supervision of a neurologist. The patient must be givern strict instructions to seek medical attention if signs of worsening motor or cognitive dysfunction or NMS occur.
CASE CONCLUSION:
The clinical diagnosis in the ED was neuroleptic malignant syndrome secondary to amantadine withdrawal, although serotonin syndrome and infection remained on the differential diagnosis. The patient was given 2 L of normal saline, 1 mg of lorazepam, 4 mg of ondansetron, and 100 mg of amantadine in the ED, and was transferred to the intensive care unit (ICU) for further monitoring and supportive care. In the ICU, the patient received aggressive intravenous fluid resuscitation and her serum CPK was monitored daily. Her peak CPK was 3322 IU/L. The elevated CPK was attributed to her muscle rigidity, given its corresponding rise with amantadine withdrawal and fall with drug reintroduction and symptomatic improvement. Another consideration included myositis secondary to her lipid-lowering agent; however, the acuity of presentation made this etiology less likely. The patient was restarted on amantadine 100 mg twice a day, but her antidepressants were held. She was given lorazepam and ondansetron as needed for agitation and nausea, respectively. Throughout her ICU stay, the patient demonstrated hypertension with systolic blood pressures reaching 200 mmHg, which was difficult to control. She was discharged from the ICU on hospital day 5 after her symptoms had improved; her CPK at discharge had decreased to 307 IU/L. She continued with amantadine 100 mg twice a day as an outpatient with plans to taper her amantadine under the supervision of a neurologist.
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